The pathophysiology of aldosterone-producing adenomas (APAs) has been investigated via genetic approaches and the pathogenic significance of a series of somatic mutations, including KCNJ5, has been uncovered. However, how the mutational status of an APA is associated with its molecular characteristics, including its transcriptome and methylome, has not been fully understood. This study was undertaken to explore the molecular characteristics of APAs, specifically focusing on APAs with KCNJ5 mutations as opposed to those without KCNJ5 mutations, by comparing their transcriptome and methylome status. Cortisol-producing adenomas (CPAs) were used as reference. We conducted transcriptome and methylome analyses of 29 APAs with KCNJ5 mutations, 8 APAs without KCNJ5 mutations and 5 CPAs. Genome-wide gene expression and CpG methylation profiles were obtained from RNA and DNA samples extracted from these 42 adrenal tumors. Cluster analysis of the transcriptome and methylome revealed molecular heterogeneity in APAs depending on their mutational status. DNA hypomethylation and gene expression changes in Wnt signaling and inflammatory response pathways were characteristic of APAs with KCNJ5 mutations. Comparisons between transcriptome data from our APAs and that from normal adrenal cortex obtained from the Gene Expression Omnibus suggested similarities between APAs with KCNJ5 mutations and zona glomerulosa. The present study, which is based on transcriptome and methylome analyses, indicates the molecular heterogeneity of APAs depends on their mutational status. Here, we report the unique characteristics of APAs with KCNJ5 mutations.
Introduction
Aldosterone-producing adenoma (APA) is a subtype of primary aldosteronism (PA), which is the most common form of endocrine hypertension (Plouin et al. 2004 , Hannemann & Wallaschofski 2012 and is more closely associated with severe cardiovascular complications compared to essential hypertension (Milliez et al. 2005) . The subtype classification of PA is important from a therapeutic viewpoint because APAs are curable by unilateral adrenalectomy.
Recently, the molecular characteristics of APA have been widely investigated via high-throughput technologies, including exome sequencing, transcriptomics (Zennaro et al. 2012) and methylomics (Howard et al. 2014 , Murakami et al. 2015b . In particular, exome sequencing studies have uncovered that a series of somatic mutations in genes such as genes encoding the potassium inwardly rectifying channel, subfamily J, member 5 (KCNJ5), ATPase, Na + /K + transporting, alpha1-polypeptide (ATP1A1), ATPase, Ca 2+ -transporting, plasma membrane 3 (ATP2B3), calcium channel, voltage-dependent, L-type, alpha1D-subunit (CACNA1D), calcium channel, voltagedependent, T type, alpha 1H subunit (CACNA1H), and catenin beta1 (CTNNB1), lead to autonomous aldosterone production (Choi et al. 2011 , Azizan et al. 2013 , Scholl et al. 2015b , Akerstrom et al. 2016 . Previous studies of over 1000 sporadic APAs have revealed that KCNJ5 mutations are the most frequent mutations (Lenzini et al. 2015) . The prevalence of KCNJ5 mutations in APAs reaches approximately 24~41% in Western countries (Akerstrom et al. 2012 , Azizan et al. 2012b , Rossi et al. 2014 , on the other hand, that in Asian countries reaches 65~82% (Taguchi et al. 2012 , Kitamoto et al. 2015 , Wang et al. 2015 , Murakami et al. 2016 . It has been shown that patients with APAs with KCNJ5 mutations are predominantly female in Western countries , Fernandes-Rosa et al. 2014 , Akerstrom et al. 2015 , Scholl et al. 2015a ) and younger , Taguchi et al. 2012 , Fernandes-Rosa et al. 2014 , Akerstrom et al. 2015 , Kitamoto et al. 2015 , Wang et al. 2015 than those without KCNJ5 mutations. In addition, a higher proportion of patients with KCNJ5 mutations have resolved hypertension after adrenalectomy compared to those without KCNJ5 mutations (Arnesen et al. 2013) .
In addition to these reports regarding the clinical aspects of APAs with KCNJ5 mutations, gene expression patterns specific to this subtype of APA have been reported in several studies (Akerstrom et al. 2015 , Murakami et al. 2016 . For example, we have recently shown that inflammation-related genes are downregulated in APAs with KCNJ5 mutations (Murakami et al. 2016) . However, detailed transcriptomic distinctions between APAs with KCNJ5 mutations and those with other mutational status or other types of adrenal tumors, such as cortisol-producing adenomas (CPAs), have not as yet been elucidated.
To further investigate APAs at the molecular level, research on acquired epigenetic changes, such as DNA methylation at CpG dinucleotides, is considered to be important. DNA methylation status is relevant to a variety of physiologic and pathophysiologic conditions, such as cell differentiation and tumorigenesis (Jaenisch & Bird 2003 , Das & Singal 2004 . Indeed, our recent study indicates global hypomethylation in APAs when compared to the adjacent adrenal gland (Murakami et al. 2015b) . Aberrant DNA methylation status observed in APAs may contribute to their pathogenesis via modification of gene expression. As our previous study included only six APAs with KCNJ5 mutations and one APA with an ATP1A1 mutation, we were unable to obtain detailed information regarding mutational status in that study.
The present study was undertaken to explore the molecular characteristics of APAs, with a special focus on APAs with KCNJ5 mutations as opposed to those without KCNJ5 mutations, by comparing their transcriptome and methylome statuses in order to gain further insights into the pathogenesis of APAs.
Materials and methods

Subjects
The study protocol was approved by the Ethics Committee for Human Research at the Tokyo Medical and Dental University (nos. 191 and 1371) . A written informed consent was obtained from all participants.
Adrenal tissue was obtained from 37 patients with APA and five patients with CPA who underwent adrenalectomy at the Tokyo Medical and Dental University Hospital. These 37 patients satisfied the diagnostic criteria for PA based on the Japan Endocrine Society guidelines (Nishikawa et al. 2011) , as previously described (Murakami et al. 2015b) . The diagnosis of CPA was based on the diagnostic criteria of autonomous cortisol secretion by 'European Society of Endocrinology Clinical Practice Guideline in collaboration with the European Network for the Study 24:10 of Adrenal Tumors' (Fassnacht et al. 2016) as follow: serum cortisol >50 nmol/L (>1.8 μg/dL) after 1, 2 or 8 mg overnight dexamethasone suppression tests, or 2-day low-dose dexamethasone test, and one of the following additional endocrine alterations: increased 24-h urinaryfree cortisol, low plasma ACTH, elevated midnight serum or salivary cortisol. No overt symptoms of Cushing's syndrome were confirmed by physical examination for all patients. Tumor tissue was macroscopically dissected and stored at −80°C. All APAs and CPAs in the present study were from cases that were used in previous studies (Murakami et al. 2015a (Murakami et al. ,b, 2016 .
Extraction of genomic DNA and total RNA
Genomic DNA and total RNA samples were isolated from APA and CPA tissue from the 42 patients using the All Prep DNA/RNA Mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions.
Detection of somatic mutations in APAs
APA-specific KCNJ5, ATP1A1, ATP2B3 and CACNA1D mutations were analyzed by PCR and direct sequencing. Detailed methods, including primer information, have been described previously (Murakami et al. 2016) .
Next-generation sequencing
Exome sequencing, RNA-seq analysis and DNA methylation profiling were performed. For further details, see the Supplementary Materials and methods (see the section on supplementary data given at the end of this article).
Gene ontology and pathway analysis for differentially expressed and methylated genes
The Database for Annotation, Visualization and Integrated Discovery was used to determine enriched Gene Ontology (GO) terms within the selected gene groups (Dennis et al. 2003) . We performed biological pathway analysis using the GenMAPP/MAPPFinder software (http://www. genmapp.org). Two-hundred and six annotated human pathways downloaded from the GenMAPP/Wikipathway were used for the analysis. Gene expression data from RNA-seq analysis were mapped to the human pathways. MAPPFinder 2.0 was used to find significant pathways wherein differentially expressed genes were enriched. Permutation test P values were calculated in MAPPFinder to estimate the statistical significance of the enrichment.
Integration of methylome and RNA-seq data
The values, which are an estimate of methylation level using ratio of intensities between methylated and unmethylated alleles by Illumina BeadChip experiments, were averaged for each category for the same gene. Categories were based on Illumina 450 K beadchip annotation: TSS: proximal promoter defined as 200 bp (TSS200) or 1500 bp (TSS1500) upstream of the transcription start site, UTR: untranslated region, and ExonBnd: exon boundaries. The CpG sites containing null values for any sample were removed from the analysis. The CpG sites of chromosome X and chromosome Y were also removed from the analysis. The RNA-seq-normalized expression values and averaged values were combined based on the gene symbol. Dimension-reduction analysis for integrated data was performed using the Multiple co-inertia analysis (MCIA) method implemented in the omicade4 (Meng et al. 2014) in R package.
Comparison of transcriptome data to Gene Expression Omnibus data
Transcriptome data from 42 adrenal tumors were compared to microarray data from normal adrenal cortex (Gene Expression Omnibus [GEO] accession no. GSE68889), which included transcriptomes for adrenocortical layers, the zona glomerulosa (ZG) and zona fasciculate (ZF), from adrenal glands obtained from four kidney transplantation donors (Nishimoto et al. 2015) . The gene expression patterns of ZG relative to ZF were compared using these GEO data (ZG vs ZF). The 42 adrenal tumors were classified into the following four groups based on similarities in transcriptomic profiles: APAs with KCNJ5 mutations (hereinafter abbreviated as 'KA'), APAs with CTNNB1 mutations and without any other known mutations (abbreviated as 'NC'), APAs with ATP1A1, ATP2B3 and CACNA1D mutations (abbreviated as 'AC') and CPA. We then compared gene expression patterns between pairs of groups selected from the above four groups (12 paired comparisons: KA vs NC, NC vs KA, KA vs AC, AC vs KA, KA vs CPA, CPA vs KA, NC vs CPA, CPA vs NC, AC vs NC, NC vs AC, AC vs CPA and CPA vs AC). Similarities in gene expression patterns between the ZG and ZF and those found in the 12 paired comparisons were evaluated using the method described in Supplementary Fig. 1 (see section on supplementary data given at the end of this article).
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Data deposition
The data used for this publication have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus and are accessible via the Gene Expression Omnibus. Series accession number GSE90867 was allocated to our data.
Statistical analysis
Fold changes in RNA-seq data used to compare APAs and CPAs were analyzed using a moderate t-test with asymptotic and Benjamini and Hochberg False discovery rate correction. values comparing APAs and CPAs were analyzed using the Wilcoxon rank sum tests with Benjamini and Hochberg False discovery rate correction.
Results
Patient information
Clinical characteristics of the 37 patients with APA (18 men, age 49.8 ± 11.0 years) and five patients with CPA (one man, age 51.6 ± 7.8 years) are described in Supplementary  Table 1A and B. All of the patients with APA exhibited hypertension, low plasma renin activity and high plasma aldosterone concentration. Resected specimens were histologically diagnosed as adrenocortical adenoma.
Somatic mutation analysis
We first performed somatic mutation analysis in our patients (Supplementary Table 2 ). Sequencing of DNA samples from 29 APAs revealed the presence of heterozygous KCNJ5 mutations. Two adenomas had nucleotide substitutions in ATP1A1, one had a mutation in ATP2B3 and one had a mutation in CACNA1D, as previously described (Murakami et al. 2016) . The absence of mutations in all peripheral DNA samples confirmed the somatic nature of the genetic alteration in these patients. As four adenomas did not have the abovementioned mutations, we performed whole exome sequencing to find any other known APA-related mutations, such as CTNNB1 and CACNA1H (Akerstrom et al. 2016 , Daniil et al. 2016 . We found that one of the adenomas had a nucleotide substitution in CTNNB1. This mutation was reported to be an APA-related mutation in a previous study (Akerstrom et al. 2016) . However, no known mutations related to APAs were detected in three adenomas.
Transcriptome analysis
Global changes in gene expression associated with APA and CPA were evaluated using RNA-seq. Unsupervised hierarchical clustering analysis revealed differential gene expression patterns between APAs and CPAs. APAs had heterogeneous transcriptomic patterns (Fig. 1A) . Component ratios used for analysis were PC1: 13.8%, PC2: 9.6% and PC3: 7.6%.
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Transcriptomic patterns of APAs with ATP1A1 and CACNA1D mutation were similar to those of APAs with KCNJ5 mutation, otherwise, those of APAs with CTNNB1 and no mutation were closer to those of CPAs than those of APAs with KCNJ5 mutation. Likewise, principal component analysis, which was performed to elucidate the relationships of transcriptome patterns in the point of mutational status, on all probes clearly showed the presence of the same transcriptomic pattern, as shown in the clustering analysis (Fig. 1B) . Differentially expressed genes specific to APAs with KCNJ5 mutations, but not APAs without KCNJ5 mutations, were extracted (Supplementary Table 3A and B). We identified 106 genes that were upregulated (more than 2-fold, false discovery rate [FDR] <0.05) in APAs with KCNJ5 mutations. Sixtyeight genes were downregulated. GO analysis of the differentially expressed genes indicated that GO terms, such as 'plasma membrane' and 'plasma membrane part' in the cellular component (Supplementary Table 3C) , 'muscle contraction' and 'muscle system process' in biological process (Supplementary Table 3D ), and 'channel activity' and 'passive transmembrane transporter activity' in molecular function (Supplementary Table 3E ), were enriched.
Methylome analysis
The genome-wide CpG methylation patterns of APAs and CPAs were analyzed by calculating the mean value for the entire probe set with unsupervised hierarchical clustering analysis ( Fig. 2A) . Principal component analysis was also performed to elucidate the relationships of methylome patterns in the point of mutational status (Fig. 2B) . Similar to the results of the transcriptome analysis, methylome patterns of APAs were heterogeneous. Scatter plotting of average values indicated invariable CpG hypomethylation status in APAs with KCNJ5 mutations compared to those without KCNJ5 mutations (Fig. 2D) . We found 1413 significantly hypomethylated genes ( value <−0.1, P < 0.001) in APAs with KCNJ5 mutations. However, we only found 13 hypermethylated genes ( value >0.1, P < 0.001). The top ten hypomethylated and hypermethylated genes are shown in Supplementary Table 1F and 1G. GO analysis of the hypomethylated genes shows that GO terms, such as 'extracellular region' and 'plasma membrane' in the cellular component (Supplementary Table 3H ), 'sensory perception of chemical stimulus' and 'the G-protein coupled receptor protein signaling pathway' in biological process (Supplementary Table 3I) , and 'olfactory receptor activity' and 'cytokine activity' in molecular function (Supplementary Table 3J ), were enriched.
Integration of the transcriptome and methylome analyses
To explore distinctions in gene expression and CpG methylation status between APAs with and without KCNJ5 mutations, we integrated the transcriptome and methylome analyses. At first, we used MCIA as a dimension-reduction technique for data integration (Meng et al. 2014) and confirmed the heterogeneity of APAs and same tendency as observed in each transcriptome and methylome analysis (Fig. 3) . We next examined whether CpG methylation status at any functional region (listed as 'Category' in Supplementary Table 4A) in any of the gene structures is responsible for the gene expression patterns observed in APAs with KCNJ5 mutations. We observed significant relationships in upregulated and 
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hypomethylated genes at TSS200 and ExonBnd, and in downregulated and hypomethylated genes at ExonBnd and 3`UTR in APAs with KCNJ5 mutations (Supplementary Table 4A ). The qualified genes that were extracted from these analyses are listed in Supplementary Table 4B .
Pathway analysis
GenMAPP pathway analysis was used to identify molecular characteristics of APAs with KCNJ5 mutations (Supplementary Table 5A and B). A transcriptomic comparison between APAs with KCNJ5 mutations and CPAs identified six upregulated gene pathways (by more than 1.5 fold) and 25 downregulated gene pathways (by less than 1.5 fold) in APAs with KCNJ5 mutations. Another transcriptomic comparison between APAs with and without KCNJ5 mutations identified 17 upregulated gene pathways (by more than 1.5 fold) and 29 downregulated gene pathways (by less than 1.5 fold) in APAs with KCNJ5 mutations. We integrated these two comparisons and extracted three upregulated gene pathways, such as the Wnt signaling pathway, and 11 downregulated gene pathways, such as the inflammatory response pathway, in APAs with KCNJ5 mutations when compared to CPAs and APAs without KCNJ5 mutations (Supplementary Table 5A and B).
Transcriptomic comparison with normal adrenal cortex
Transcriptome data from our 42 adrenal tumors were compared to microarray data from normal adrenal cortex (GEO accession no. GSE68889). Previous studies indicated morphological features of APAs with ATPase and CACNA1D mutation were similar to those of ZG and those of APAs with KCNJ5 mutation were similar to those of ZF (Monticone et al. 2015) . To examine the relationship between mutation status and normal adrenal zonation in the point of molecular basis, we made 'KA' (KCNJ5 mutation) and 'AC' (ATP1A1, ATP2B3 and CACNA1D mutation) at first. For the rest APAs, CTNNB1 mutation and no mutation, were put into one group as 'NC' because of their similar transcriptome profiles as shown in cluster analysis (Fig. 1A) . Similarities in gene expression patterns between ZG and ZF and the 12 pair comparisons from the four adrenal tumor groups were evaluated using methods described in Supplementary Fig. 1 (Table 1) . Highly significant consistence was observed in the KA vs NC (odds ratio = 6.24, FDR = 0.000), KA vs CPA (2.46, 5.4E-10), AC vs NC (5.38, 0.000) and AC vs CPA (2.69, 5.8E-11) comparisons. Our analysis suggested similarities between APAs with KCNJ5, ATP1A1, ATP2B3 and CACNA1D mutations and ZG, and between APAs with CTNNB1 mutations, APA without any known mutations, and CPA and ZF. Based on our results, quantitative realtime PCR was performed to evaluate gene expressions of steroidogenic enzymes including CYP11B1, CYP11B2 and CYP17A1. CYP11B2 is known as a rate-limiting enzyme of aldosterone production. In contrast, CYP11B1 and CYP17A1 are considered as main pathway of cortisol production. Higher expression levels of CYP11B2 and lower expression levels of CYP17A1 were evident in APAs with KCNJ5 mutation compared to CPA ( Fig. 4A and C) . Although it was difficult to find statistically significant relationships due to small numbers of samples, it seemed that CYP11B2 was highly expressed in APAs with ATP1A1, ATP2B3 CACNA1D mutation, and low expressed in APAs with CTNNB1 mutation and no mutation (Fig. 4A) . In contrast, CYP11B1 and CYP17A1 were highly expressed in APAs with CTNNB1 mutation and no mutation and CPAs and low expressed in APAs with ATP1A1, ATP2B3, CACNA1D mutation ( Fig. 4B and C) . Despite higher expression levels of CYP11B1 and CYP17A1, patients with CTNNB1 and those with no mutation did not meet the diagnostic criteria of autonomous cortisol secretion, except the one case with CTNNB1 mutation (serum cortisol after 1 mg dexamethasone suppression test (DST) >1.8 ng/mL). The patient of APA with CTNNB1 mutation showed serum cortisol: 2.1 ng/mL after 1 mg DST and 4.4 ng/mL at midnight, suggesting the possibility of weak autonomous cortisol secretion.
Discussion
We conducted comprehensive transcriptome and methylome analysis of 29 APAs with KCNJ5 mutations, 2 with ATP1A1 mutations, 1 with an ATP2B3 mutation, 1 with a CACNA1D mutation and 1 with a CTNNB1 mutation, along with 3 APAs with no known mutations. We used five CPAs as reference controls for adrenal tumors.
In this study, we documented the molecular characteristics of APAs based on their mutational status. Here, we report the unique molecular characteristics of APAs with KCNJ5 mutations. The APAs with KCNJ5 mutations have global DNA hypomethylation and homogeneous transcriptomic profiles with changes in specific genes, such as those in the Wnt signaling, cytokine and inflammatory response pathways. In addition, comparisons with the GEO database indicated that the transcriptomic profile of APAs with KCNJ5 mutations is more similar to that of the ZG than that of the ZF. We performed double pairwise comparisons because direction (up or downregulation) should be considered to clarify similarities of transcriptome patterns between different tissues ( Supplementary Fig. 1 ). Due to the different experimental systems used in the RNA sequence database for our adrenal tumors and the microarray-based GEO database for the normal adrenal cortex, we were unable to conduct direct comparisons between the two transcriptome databases. Our transcriptome analysis of the 42 adrenal tumors indicated a heterogeneous distribution of transcriptomic profiles by principal component analysis. Although Comparison of mRNA levels of steroidogenic genes (CYP11B2 (A), CYP11B1 (B) and CYP17A1 (C)) among aldosterone-producing adenomas (APAs) with each mutational status and cortisol-producing adenoma (CPAs). Relative mRNA levels were calculated and presented as box plots. P values were calculated using the Kruskal-Wallis rank sum test. *means P < 0.01 compared to the levels of APAs with KCNJ5 mutation.
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transcriptomic profiles of APAs with ATP1A1 and CACNA1D mutations were similar to those of APAs with KCNJ5 mutations, those of the APA with the CTNNB1 mutation and the APAs with no mutation were, notably, closer to those of CPAs. Methylome analysis of the 42 adrenal tumors also revealed a similar trend. APAs had heterogeneous methylomic profiles. Integration of transcriptome and methylome data using MCIA analysis also indicated the heterogeneity of APAs. Taken together, our findings indicate that although APAs fall into heterogeneous groups at the molecular level, there were similarities of APAs with KCNJ5 mutation to APAs with ATP1A1 and CACNA1D and closer relationship between APAs with CTNNB1 and no mutation and CPAs. Considering the types of mutations other than KCNJ5 are small in numbers, it is difficult to draw further conclusion. Nevertheless, it is conceivable that APAs with KCNJ5 mutation constitute one of the subgroups of APAs in the point of molecular characteristics, and our description may help to understand its feature.
Previous studies performed transcriptome analyses between APAs with and without KCNJ5 mutation , Monticone et al. 2012 ). Boulkroun and coworkers showed no correlation with unique transcriptional profiles of APAs, which was inconsistent with our results . To explain the discrepancy, it is important to mention that their constitution of somatic mutations other than KCNJ5-mutated APAs was unknown. It was possible that their cohort included some APAs with ATP1A1 and CACNA1D mutation. Considering that transcriptome profiles of APAs with ATP1A1 and CACNA1D mutation were close to those of APAs with KCNJ5 mutation, and the potential proportion of APAs with ATP1A1 and CACNA1D mutation might affect their results. Monticone and coworkers also performed between APAs with and without KCNJ5 mutation and showed upregulated and downregulated genes (Monticone et al. 2012) . It was of note that 15 of 20 most upregulated genes (ex. RELN, ALDH1A2, PPP2R2B and et al.) and 10 of 20 last downregulated genes (ex. RASD2, SLC51A, GSTA1, and et al.) were also included in upregulated and downregulated genes in our comparison, respectively. Despite similarities between our and their analysis, there was a discrepancy about expression levels of CYP11B2. Monticone and coworkers showed upregulation of CYP11B2 in APAs with KCNJ5 mutation, which was not observed in our analysis. As shown in Fig. 4 , expression levels of CYP11B2 were varied in mutation status and it was possible that their cohort might include higher proportion of APAs with CTNNB1 or no mutation, whose expression levels of CYP11B2 were lower than that of APAs with KCNJ5 mutation.
In contrast to previous studies showing that global DNA hypomethylation is a hallmark of APAs (Howard et al. 2014 , Murakami et al. 2015b ), the present study, which was based on differences in mutational status in APAs clearly revealed that global DNA hypomethylation status is a distinct characteristics in specific APAs with KCNJ5 mutations, rather than in all APAs. We found significant relationships between upregulated gene expression in genes such as TNNT2, GALNT9 and MPP4, and hypomethylation in their proximal promoter region (TSS200) in APAs with KCNJ5 mutations. Global DNA hypomethylation with specific gene upregulation appears to be a molecular hallmark of APAs with KCNJ5 mutations, although the pathophysiological role of each gene in APAs with KCNJ5 mutations remains undetermined.
Terms related to ion channels, transporters and the cell membrane were extracted using GO term analysis of the differentially expressed or methylated genes specific to APAs with KCNJ5 mutations. The known somatic mutations related to APA were mainly harbored in genes coding for ion channels and ATPases, whose dysfunctions are thought to induce the upregulation of CYP11B2, which is a rate-limiting enzyme in the aldosterone biosynthetic pathway (Zennaro et al. 2012) . It is conceivable that the genes highlighted by the GO term analysis play important roles in the pathogenesis of APA. Furthermore, our GenMAPP pathway analysis for differentially expressed genes specific to APAs with KCNJ5 mutations revealed that the Wnt signaling pathway was upregulated in APAs with KCNJ5 mutations. Previous studies have suggested that the Wnt signaling pathway is involved in the development of adrenal tumors, including APAs (Zennaro et al. 2012) . Our results therefore highlight the potential importance of the Wnt signaling pathway as a contributor to development of APAs with KCNJ5 mutations. In addition, 'cytokines and inflammatory response' and 'inflammatory response pathway' were downregulated in APAs with KCNJ5 mutations, as indicated by GenMAPP pathway analysis (Supplementary Table 5B ). This is consistent with a previous study from our group indicated that inflammation-related genes are downregulated in APAs with KCNJ5 mutations (Murakami et al. 2016) . Several previous studies have also suggested the existence of relationships between steroidogenesis and inflammationrelated genes in adrenal cells (Willenberg et al. 1998 , Mikhaylova et al. 2007 . Our findings therefore suggest the possible involvement of inflammation-related genes in the pathophysiology of APAs with KCNJ5 mutations.
Recent studies suggest a possible relationship between mutational status of APAs and their histopathology (Azizan et al. 2012a , Monticone et al. 2015 . We therefore believed that comparisons between data obtained from the GEO database from normal adrenal cortical zonation (GSE68889) and the transcriptomes of our adrenocortical tumors would provide us with significant information regarding the pathogenesis of adrenocortical tumors. Our results indicated that APAs with KCNJ5, ATP1A1, ATP2B3 and CACNA1D mutations are characterized by a ZG-like transcriptional pattern, whereas the APA with the CTNNB1 mutation, APAs without any known mutations and CPAs were characterized by ZF-like transcriptional patterns. Although previous histopathological studies have shown that APAs with KCNJ5 and ATP1A1 mutations consist of ZF-like cells and ZG-like cells, respectively (Azizan et al. 2012a , Monticone et al. 2015 , other studies did not show same associations (Fernandes-Rosa et al. 2014) . In particular, Boulkroun and coworkers showed that APA were composed of cells expressing ZG markers despite ZF-like cellular phenotype (Boulkroun et al. 2011) , which were consistent with our findings. It is therefore conceivable that histological findings are not necessarily consistent with molecular profiles. In addition, it was of note that gene expression patterns of CYP11B1, CYP11B2 and CYP17A1 seemed to partly support our result. Previous study indicated that APAs with KCNJ5 mutation frequently expressed CYP11B1 and composed of ZF-like cells, and showed higher expression levels of CYP17A1 (Azizan et al. 2012a) . However, the expression levels of CYP17A1 in APAs with KCNJ5 mutation were lower than those in APAs with no mutation in our analysis (Fig. 4B ). This discrepancy may be partly attributable to the difference of patient profiles. It was possible that proportion of patients with autonomous cortisol secretion would affect the result. In addition, other mutations such as ATP1A1 and CACNA1D, which seemed to show lower expression levels of CYP17A1 in our analysis (Fig. 4C) , could be included in their cohort. Higher expression levels of CYP11B2 and lower levels of CYP11B1 and CYP17A1 in APAs with KCNJ5 mutation compared to APAs with CTNNB1 and no mutation seemed to be consistent with characteristics of ZG cells rather than ZF cells, which was indicated in our transcriptome comparison (Table 1 ). In addition, low expression of CYP11B2 and high expression of CYP11B1 and CYP17A1 may be common in APAs with CTNNB1 and no mutation and CPAs. High expression of CYP11B2 and low expression of CYP11B1 and CYP17A1 may be common in APAs with ATP1A1, ATP2B3 and CACNA1D. Although characteristics of APAs with KCNJ5 mutation were rather unclear in Fig. 4 , there was a tendency suggesting that APAs with ATP1A1, ATP2B3 and CACNA1D constitute a group from ZG cells, and APAs with CTNNB1 and no mutation and CPAs constitute a group from ZF cells. Further analysis of the relationships between histology and molecular characteristics in APAs are required to clarify whether the heterogeneity in APAs is attributable to differences in cell origin. Nevertheless, a ZG-like transcriptional pattern and a ZF-like morphology appear to be distinct characteristics of APAs with KCNJ5 mutations, which form a unique subgroup among the APAs. Considering, Wu and coworkers suggested that CTNNB1 mutations might be more related to tumorigenesis rather than excessive aldosterone production (Wu et al. 2017) , similarities between APAs with CTNNB1 mutation and CPAs observed in this study will provide new insights into molecular mechanisms of adrenal tumorigenesis. It is to be elucidated whether CTNNB1 mutation is related to cortisol excessive production.
There are some limitations to this study. Except for APAs with KCNJ5 mutation, the numbers of adrenal tumor were small in our analysis due to its rarity as clinical samples. It was necessary to keep in mind that clinical characteristics such as sex or age, which are significantly associated with KCNJ5 mutation status, could affect our results. A direct comparison of molecular characteristics, including those of the transcriptome and methylome, between nonfunctional adrenal adenomas and normal adrenal cells would have been a more preferable reference control in this study. However, there is little opportunity to obtain sufficient numbers of non-functional adrenal adenomas and normal adrenal cortex samples. In addition, we were unable to perform the methylomic comparison between normal adrenal cortex and our adrenal tumors, since the suitable dataset was not available in the public database and it is technically difficult to perform methylome analysis using a small amount of sample, such as that lasercaptured from each adrenocortical zonation. Finally, due to the small sample number, detailed integration of the transcriptome, methylome and pathway analyses could not be performed for each individual APA mutational status, other than that for the KCNJ5 mutation.
This study revealed the molecular heterogeneity of APAs. APAs with somatic KCNJ5 mutations constitute a subgroup of APAs, as they have global DNA hypomethylation and transcriptomic profiles accompanied by changes in specific genes, such as those in the Wnt signaling, cytokine and inflammatory response pathways. In addition, comparisons with data in the GEO database indicated that the transcriptomic 24:10 profiles of APAs with KCNJ5 mutations are more similar to those of ZG than those of ZF. In addition, the coexistence of the ZG-like transcriptional pattern shown in this study and the previously reported ZF-like morphology are considered to be hallmarks of APAs with KCNJ5 mutations. It is conceivable that the heterogeneity of APAs is attributed to differences in cell origins. The molecular characterization of APAs via our integration of transcriptome and methylome analyses provides new insights into the pathogenic mechanism(s) of APAs.
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